Amphibian populations around the world have been declining at an alarming rate due to factors such as habitat destruction, pollution, and infectious diseases. Between May and July 2008, we investigated a fungal pathogen in the critically endangered Morelet's treefrog (Agalychnis moreletii) at sites in El Salvador. Larvae were screened with a hand lens for indications of infection with Batrachochytrium dendrobatidis (Bd), a fungus that can cause lethal chytridiomycosis in amphibians. Subsets of inspected tadpoles were preserved for analysis by polymerase chain reaction to determine the effectiveness of hand lens screening for presence of Bd and to estimate infection prevalence at various sites. Because individuals with signs of infection were preferentially included, we used a novel method to generate unbiased estimates of infection prevalence from these biased samples. External mouthpart deformities, identified with a hand lens, successfully predicted Bd infection across a large spatial scale. Two of 13 sites sampled had high ($89%) estimated prevalence, whereas little or no Bd was detected at the remaining sites. Although it appears that A. moreletii populations in this region are not suffering rapid declines due to Bd, further monitoring is required to determine the extent to which these populations are stably coexisting with the pathogen.
INTRODUCTION
Amphibian populations worldwide have been in decline since at least the 1950s (Alford and Richards, 1999 ). An infectious pathogen, Batrachochytrium dendrobatidis (Bd), has been identified as one of the major causes of global amphibian declines and extinctions (Berger et al., 1998) . This chytrid fungus infects keratinized tissues in amphibians and can cause chytridiomycosis, a lethal skin infection (Berger et al., 1998 (Berger et al., , 2005 . However, mortality rates vary, with some species showing little to no adverse effects of Bd infection, whereas others suffer high mortality (Kilpatrick et al., 2009) . Chytridiomycosis has been especially catastrophic in Mesoamerica where population declines have been reported in Costa Rica, Guatemala, Honduras, Mexico, and Panama (Berger et al., 1998; Lips et al., 2003 Lips et al., , 2004 Mendelson et al., 2004; Puschendorf et al., 2006) . In El Salvador, Bd has been identified recently in two amphibian species, Lithobates maculatus (also known as Rana maculata) and the Morelet's treefrog (Agalychnis moreletii; Felger et al., 2007) .
Morelet's treefrog was listed as critically endangered by the International Union for Conservation of Nature in 2004, at which time its population was projected to decline 80 percent over the following decade, possibly due to chytridiomycosis with added pressure from habitat destruction (Santos-Barrera et al., 2004) . Recent surveys in montane southern Mexico have failed to detect A. moreletii where it was once abundant (Lips et al., 2004) . Nonetheless, A. moreletii is still abundant locally in some localities of western El Salvador (Greenbaum and Komar, 2005; Kohler et al., 2006) and appear to be locally abundant in Belize (K. Kaiser, pers. comm.) . Thus, it is important to determine the prevalence of Bd in Morelet's tree-frogs in these localities. Although chytridiomycosis has been detected in one Morelet's treefrog population in El Salvador (Felger et al., 2007) , only seven individuals from two populations were tested, providing little information about the prevalence of the pathogen or its geographic distribution in this region.
Among amphibian larvae, oral deformities have been used as indicators of chytridiomycosis, because Bd infects and can damage their keratinized mouthparts (e.g., Obendorf, 2005) . However, not all species or individuals have oral deformities when infected with Bd (e.g., PadgettFlohr and Goble, 2007) , and some species or individuals show mouthpart deformities even when uninfected (Padgett-Flohr and Goble, 2007) . Consequently, an association between mouthpart abnormalities and Bd infection must be assessed on a species-by-species basis. Histologic examinations of a small number of Morelet's treefrog larvae in El Salvador showed that all of four tadpoles from a single site with mouthpart deformities were infected with Bd whereas three with healthy mouthparts, from another site, were not infected (Felger et al., 2007) . More individuals from more sites must be sampled to determine whether mouthpart deformities reliably indicate Bd infection in Morelet's treefrog.
Our objectives were to estimate the prevalence of Bd in several populations of Morelet's treefrog larvae in El Salvador, as an initial step to assessing the potential for chytridiomycosis to contribute to population declines in this region and to determine whether jaw sheath deformities are an accurate indicator of Bd infection in Morelet's treefrog, in order to facilitate future studies and monitoring of Bd in this critically endangered frog.
MATERIALS AND METHODS

Study species
Morelet's treefrog is a leaf-breeding phyllomedusine hylid found in disjunct populations from southern Mexico through western El Salvador and Honduras (Santos-Barrera et al., 2004) . It can occur in tropical dry forest, tropical premontane evergreen forest, coffee plantations, and subtropical humid forest, usually in trees near streams, ponds, and lakes at elevations of 200-1,800 m (Kohler et al., 2006) . In El Salvador, Morelet's treefrog breeds year-round, but more commonly in the rainy season when breeding sites have enough water for reproduction (Leenders and Watkins-Colwell, 2004) . Eggs are laid on leaves and other structures overhanging artificial water basins and natural pools, and, upon hatching, larvae fall into the water where they complete development (Kohler et al., 2006) .
Study sites
Between 22 May and 28 July 2008 we visited 37 localities in western El Salvador, including natural areas and coffee plantations. Sampling occurred during El Salvador's rainy season (mid-May through mid-October; Guzmá n Ló pez, 1995) when Morelet's treefrog is most reproductively active. Localities were sampled opportunistically. Several of the 37 localities, which included natural areas and coffee plantations, were known to contain populations of Morelet's treefrog (Leenders and Watkins-Colwell, 2004; Kohler et al., 2006) . Coffee plantations ranged from those in clear-cut areas managed with high levels of agrochemicals to shade-grown plantations managed with nonchemical means. At each locality, water sources suitable for reproduction were searched for signs of eggs, larvae, and adults. In order to ensure that Bd did not spread from site to site via contaminated persons or field gear, footwear, sampling nets, and buckets were cleaned of debris after sampling each site and sprayed with a 1% sodium hypochlorite solution and allowed to dry for at least 3 hr, following recommendations from Kast and Hanna (2008) .
We found Morelet's treefrog tadpoles at nine localities (Fig. 1) , including two national parks (El Imposible and Los Volcanes) and several coffee plantations. Tadpoles were found most frequently in pilas (concrete structures built to hold water) and cajuelas (holes dug to capture runoff soil). Other breeding sites included a temporary stream, a pond, and an underground water tank. Because Bd prevalence can be influenced by temperature (Berger et al., 2004) , we recorded water temperature at all sites sampled for larvae by holding a mercury-filled thermometer in the middle of the water column for 60 sec.
Tadpole sampling and hand lens analysis
We sampled tadpoles between Gosner stages 26, when mouthparts develop and keratinize, and 40, when mouthparts begin to atrophy (Gosner, 1960; Altig and Johnson, 1989) . At six of the nine localities, we found tadpoles within that range of Gosner stages at only a single breeding site; at each of the other three localities, tadpoles were sampled from two breeding sites. Two samples were taken, nearly 2 mo apart, from a pila at El Imposible (Table 1) . Samples typically included 30 tadpoles, collected haphazardly with either a handheld fishnet or an aquatic dip net. However, sample size varied (Table 1) , depending on the ease of collection at each site. Each tadpole was handled with a new pair of latex gloves to prevent possible spread of Bd.
We examined mouthparts of tadpoles with a 103 hand lens. Damage to the keratinized mouthparts can be seen as depigmentation, indicative of loss of keratin. Each tadpole was scored for jaw sheath deformities, using a scale developed by Obendorf (2005) . This scale assigns a 0-3 score each for the anterior and posterior keratinized jaw sheaths, for a total mouthpart score of 0-6. For each jaw sheath, a score of zero indicates visually normal jaw sheaths, a score of one reflects thinning or asymmetry in the jaw sheath pigmentation, a score of two indicates segmental depigmentation (i.e., gaps in pigmentation, indicative of greater loss of keratin), and a score of three reflects substantial or complete depigmentation. All mouthparts were assessed and scores were assigned by the first author.
Tissue preservation and polymerase chain reaction (PCR) From each breeding site, we preserved mouthparts from a subset of Morelet's treefrog larvae to test for presence of Bd. Because this treefrog is critically endangered, we removed ,10% of the tadpoles from any breeding site, up to a maximum of 30 specimens per site as authorized by the collecting permit. For each site, we included in the preserved subset all larvae that showed jaw sheath depigmentation, to determine whether mouthpart scores are indicative of infection with Bd; the number of FIGURE 1. Localities sampled for Batrachochytrium dendrobatidis (Bd) infection in tadpoles of Morelet's treefrogs (Agalychnis moreletii) in El Salvador. Black shading represents sites with high estimated prevalence (.75%), grey shading represents sites with low estimated prevalence (,25%), and white shading represents sites where Bd was not detected (no sites with estimated prevalence between 25% and 75% were documented). Half-circles indicate localities at which samples collected on different dates differed in infection prevalence. See Table 1 for site descriptions.
tadpoles with depigmented jaw sheaths never exceeded the number permitted to be removed. The remainder of each subset was made up of haphazardly selected larvae with fully pigmented jaw sheaths. Selected tadpoles were euthanized in individual containers by immersion in a 0.05% solution of tricaine methanesulfonate (MS-222, Fisher Scientific, Waltham, Massachusetts, USA). We excised mouthparts by razor blade, using a new blade for each specimen to avoid contamination, and preserved each individual separately in 70% ethanol.
We transported preserved mouthparts to a laboratory at the College of Charleston and analyzed them for presence of Bd through conventional PCR assay (Annis et al., 2004) with modifications suggested by Padgett-Flohr and Goble (2007) . Each PCR run incorporated a positive control (consisting of Bd obtained from J. Longcore, University of Maine, Orono, Maine, USA), and a negative control (comprised of sterile water and the PCR master mix to test for possible DNA contamination). This PCR assay is highly sensitive and detects as few as 10 Bd zoospores in a 2 ml sample (Annis et al., 2004) .
Statistical analysis
To test the effectiveness of hand lens analysis in detecting Bd infection, we constructed binary logistic regression models with MiniTabH Statistical Software (Minitab, Inc., State College, Pennsylvana, USA). Total mouthpart (TM) score, anterior jaw sheath (AJS) score, and posterior jaw sheath (PJS) score were tested individually to determine whether each variable was predictive of Bd infection as determined by PCR. We used Pearson, Deviance, and Hosmer-Lemeshow tests to analyze goodness of fit for each model (Hosmer and Lemeshow, 2000) . For poorly fitting models, we added a quadratic term to investigate the possibility of curvature and to improve the fit of the model. Sensitivity and specificity were calculated using two a priori criteria as indicators of Bd infection, TM score $2 (Obendorf, 2005) , and AJS score $1 (Knapp and Morgan, 2006) . For each criterion, sensitivity was calculated by dividing the number of true positives (infected individuals with jaw sheaths considered abnormal) by the number of true positives plus false negatives (all infected individuals); specificity was determined by dividing the number of true negatives (uninfected individuals with jaw sheaths considered normal) by the number of true negatives plus false positives (all uninfected individuals). Because we selected tadpoles for PCR by choosing those with depigmented jaw sheaths, these subsamples were not representative of their larger populations. To correct for this sampling bias, an estimate of infection prevalence was calculated for each site by including larvae observed by hand lens but not collected for PCR testing and assuming that the proportion of individuals with normal mouthparts positive for Bd in each subsample is representative of the proportion of normal-mouthpart individuals with the infection in the population at large (see online appendix for details; http://go.cofc.edu/ chytrid). A Bayesian approach was used to construct 95% credible intervals for the estimated infection prevalence at each site, using noninformative prior distributions and a Gibbs sampling algorithm with Markov Chain Monte Carlo simulation in WinBUGS software (Lunn et al., 2000 ; see online appendix for additional details and WinBUGS code). Credible intervals are Bayesian analogs to the confidence intervals used in frequentist statistics.
RESULTS
Prevalence of Bd
Sites sampled for Bd showed 0-100% prevalence of Bd infection, as determined by PCR, (Table 1; Fig. 2 ). Estimated infection prevalence, taking into account larvae that were inspected with a hand lens but not tested by PCR, also ranged widely and generally concurred with infection prevalence based on PCR, although 95% credible intervals are wide (Table 1) . Nonetheless, two samples, San Diego II and El Imposible 2, had distinctly higher infection prevalence than the others, as evidenced by nonoverlapping 95% credible intervals (Table 1) , with the exception of the sample from La Esperanza, which included only two tadpoles (leading to an exceptionally wide credible interval). A map of localities sampled for Bd does not show any obvious geographic pattern of infection prevalence (Fig. 1) . Although the two heavily infected samples were from sites at lower elevations and with higher water temperatures (Table 1) , there was no significant association of infection prevalence with either variable (Spearman's rank correlation; altitude: r S 520.23, df512, P50.45; temperature: r S 50.33, df 12, P50.28).
Hand lens analysis
Of 207 tadpoles included in the PCR assay, the infection status of 179 (86%) Mouthparts data include all tadpoles sampled, including those not preserved for polymerase chain reaction, all of which exhibited fully pigmented jaw sheaths. A description of sites can be found in Table 1. was correctly predicted by using a TM score $2 as indicative of infection. Using AJS$1 as the criterion for infection correctly predicted 178 (86%). The AJS criterion was more prone to false positives than the TM criterion (12 as compared with 7), whereas the TM criterion led to four additional false negatives, with 21 as compared with 17 for AJS. Results showed high specificity using either TM (96%, 168/175) or AJS (93%, 163/175); however, AJS was more sensitive (47%, 15/32) than TM (34%, 11/32) owing to its lower tendency to produce false negatives.
Logistic regression showed a significant relationship between jaw sheath depigmentation and Bd infection. Models using AJS score alone or TM score alone showed significant relationships with Bd infection, although neither provided a particularly good fit to the data ( Table 2) . The model using only PJS score was poorly fitting, which suggests that PJS score is a poorer predictor of Bd infection than the other two measures (Table 2) . Incorporating a quadratic term improved the goodness of fit of the AJS and TM models ( Table 2 ). The quadratic model for AJS predicted the highest probability of infection at a score of two, with a slightly lower probability at a score of three (Fig. 3a) . The TM quadratic model predicted the greatest probability of infection at a score of three with a steep decrease at higher scores (Fig. 3b) . Although the fit of these models improved with quadratic terms, this appears to be due to two uninfected tadpoles with highly depigmented jaw sheaths (e.g., TM$5; Fig. 3b ).
Mouthpart scores were more strongly indicative of infection for some sites than for others. Comparison of proportions of individuals with depigmented anterior jaw sheaths (AJS$1) with infection prevalence determined by PCR showed differences at several sites (Fig. 2) . In particular, PCR results for El Imposible 2 and San Diego II revealed high prevalence of Bd infection, whereas AJS scores had suggested that these sites had few infected individuals (high rate of false negatives; Table 1 ). Conversely, PCR results showed no evidence of infection at Argentina I or Las Nubes, despite mouthpart deformities in multiple individuals from each site (high rate of false positives; Table 1 ).
DISCUSSION
Mouthpart deformities as indicators of Bd in Morelet's treefrog
Mouthpart depigmentation was moderately reliable as an indicator of Bd infection in Morelet's treefrog. The AJS score, with a cutoff value of one, was Figure 3 shows the probability of Bd infection as a function of mouthpart scores for two of these models (AJS and TM). b For models with quadratic terms, the first P value is for the linear term (e.g., AJS); the second is for the quadratic term (e.g., AJS*AJS). c Goodness-of-fit tests could not be calculated for some models due to an overabundance of low mouthpart scores.
slightly more sensitive than the TM score of two or more. Hence, evaluating keratinization of the AJS is the simplest way to predict Bd infection in Morelet's treefrog as also was found for the southern mountain yellow-legged frog (Rana muscosa; Knapp and Morgan, 2006) . Hand lens analysis was highly specific in both cases, with few false positives. However, sensitivity was low with either criterion, because a large proportion of infected individuals lacked mouthpart deformities, causing a high rate of false negatives.
Individuals that were PCR-positive for Bd despite having normal jaw sheaths (false negatives) might be explained by a lag time between infection and mouthpart depigmentation. In laboratory experiments involving southern mountain yellow-legged frogs, larvae did not exhibit jaw sheath depigmentation from Bd infection until 7-15 wk following infection (Rachowicz and Vredenburg, 2004 ). Morelet's treefrog likely has a relatively short larval period (an average larval period of 55-58 days has been reported for its congener, the red-eyed treefrog (A. callidryas; Vonesh and Warkentin, 2006) , which might allow tadpoles to metamorphose before Bd can lead to substantial keratin loss.
The majority of false positives were individuals with unusually severe mouthpart deformities relative to other samples (TM score of 3 or higher), suggesting that factors other than Bd can cause full mouthpart depigmentation, whereas Bd only might be capable of causing partial depigmentation in Morelet's treefrog. Although severely depigmented jaw sheaths were found at two sites in close proximity (Las Nubes and Argentina I), given the lack of false positives at other nearby sites (including Argentina II), whatever factor(s) contributed to mouthpart deformities at these two sites might be highly localized. Studies in other anuran species have found larval mouthpart deformities to be caused by extreme temperatures (Rachowicz and Vredenberg, 2004) or environmental contaminants such as DDT (Hayes et al., 1997) and heavy metals (e.g., arsenic, barium, cadmium, chromium, and selenium; Rowe et al., 1996 Rowe et al., , 1998 .
Despite the presence of some false positives and false negatives in our study, Morelet's treefrog is an appropriate species for using hand lens analysis to screen for presence of Bd (Smith and Weldon, 2007) . Although hand lens analysis can FIGURE 3. Logistic regression models for probability of Batrachochytrium dendrobatidis (Bd) infection in tadpoles of Morelet's treefrogs (Agalychnis moreletii) as a function of (a) anterior jaw sheath (AJS) and (b) total mouthpart (TM) scores, with and without quadratic terms (solid and dashed lines, respectively). Dots indicate the proportion of tadpoles with a given mouthpart score found positive for Bd by polymerase chain reaction; sample sizes reported by each dot.
under-or overestimate the number of infected animals at a particular site, such error should average out across a larger scale of inference (i.e., several sites). Conversely, if individual sites or geographic patterns are of interest, a direct method of Bd detection (e.g., PCR or histologic examination) also should be employed, because several samples in our study would have been misclassified by hand lens analysis alone. In addition, due to false positives at higher mouthpart scores, future studies that find highly depigmented mouthparts in Morelet's treefrog should use a direct method to test for the presence of Bd. Nonetheless, because hand lens screening can be done with minimal impact on local populations, it can serve as a useful disease surveillance tool in conservation programs aimed at Morelet's treefrog and potentially other endangered amphibians. Methods that can avoid the high costs of PCR analysis are particularly important for investigating Bd in areas with limited facilities to support such work.
Future studies in which it is feasible only to test for Bd directly on a subset of specimens could benefit from our method for estimating infection prevalence from a biased sample. In particular, this estimator of infection prevalence can be used to correct for over-representation of individuals with mouthpart deformities in a subset tested by PCR or histology, when the degree of over-representation is known. Consequently, the subset directly tested for Bd can be used both to assess the relationship between mouthpart deformities and Bd infection and to generate an unbiased estimate of infection prevalence in the population.
Prevalence of Bd and status of Morelet's treefrog in El Salvador
Estimated prevalence of Bd infection varied widely among Morelet's treefrog populations from several localities in El Salvador. Although tadpoles from two samples showed high prevalence of infection, the remaining eleven samples had lower prevalences, with some with no evidence of Bd. There was no obvious geographic pattern to infection prevalence, with one highly infected site at the western edge of the study area and the other on the eastern side. Based on finding tadpoles with missing and misshapen mouthparts, Bd is thought to have been introduced to neighboring Guatemala and Honduras some time between the mid 1980s and early 1990s (Campbell and Smith, 1992; Wilson and McCranie, 1998; Mendelson et al., 2004) . The disease probably swept through El Salvador around this time, although a precise date cannot be determined due to a lack of herpetological work in the country during this time (Leenders and Watkins-Colwell, 2004) .
In addition to spatial variation in Bd prevalence, we found evidence of temporal variation in infection status within sites. The Los Andes breeding site at Los Volcanes National Park was highly infected during the dry season in 2004 (Felger et al., 2007) , whereas prevalence was low at the same pond during the wet season of 2008 (this study). By contrast, Bd was not found in Morelet's treefrogs at El Imposible either in 2004 (although one infected adult R. maculata was found; Felger et al., 2007) or at the beginning of our study, whereas a sample taken later in our study was highly infected. It is unlikely that our initial sampling activities introduced Bd to El Imposible; in addition to cleaning boots and other gear between each site, El Imposible was the first site that we sampled for larvae and was therefore sampled using new nets. In other anurans, changes in Bd prevalence have been associated with seasonal temperature variation (e.g., Retallick et al., 2004; McDonald et al., 2005; Kriger and Hero, 2007) . However, temperature shows little seasonal variation in El Salvador (Guzmá n Ló pez, 1995). On the other hand, our observation of reduced infection prevalence in one population and a recent outbreak in another might suggest that the pathogen and host have reached a dynamic equilibrium, with outbreaks under locally favorable conditions, followed by population recovery or recolonization from other sites. Lips et al. (2003) analyzed data from various Central American amphibian species and found that species most prone to decline had restricted elevation ranges, shared aquatic habitats with other species, and had life histories that depended heavily on close proximity to an aquatic environment. Based on these criteria, Morelet's treefrog does not fit the profile of a species highly susceptible to Bdinduced decline. This species occurs over a broad range of elevations from near 200 m to near 2,000 m (Kohler et al., 2006 ; authors' observations), and we never found tadpoles cohabiting with other amphibian species, although eggs at one locality were overhanging puddles that contained bufonid larvae. In addition, Morelet's treefrog probably has a relatively short larval period, as does its congener, the red-eyed treefrog (Vonesh and Warkentin, 2006) and, upon metamorphosis, is primarily arboreal with little time spent near water (Kohler et al., 2006) .
The persistence of Morelet's treefrog populations in El Salvador, coupled with the irregular geographic distribution of Bd among these populations, suggests that this treefrog currently might not be experiencing rapid population declines due to chytridiomycosis. However, it remains possible that more subtle, localized declines might be occurring due to reduced survival of Bd-infected adults (Murray et al., 2009) , larvae, or metamorphs (Garner et al., 2009) . Furthermore, endemic Bd might increase susceptibility to decline due to synergistic interactions with other threats, such as pollution , habitat modification (Kiesecker et al., 2001) , or climate change (Lips et al., 2008) , as well as to the demographic vulnerabilities (i.e., smaller population sizes and restricted distribution) that can be experienced by remaining populations. Consequently, implementing monitoring programs for Morelet's treefrog, as well as other anurans in regions with high incidence of Bd infection, is important to determine current conservation status and to project population persistence in the epidemic's wake.
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